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Quantum correlation interferometry in reflection: application to the quantum-classical
transition, decoherence, and indirect measurement
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A many-body interferometer is described in which all of its components are treated as quantum
objects. It consists of particles reflecting elastically from a “mirror.” Quantum correlation is a con-
sequence of conservation of energy and momentum while interference occurs when the order in which
the non-local particles reflect is indeterminate. The resulting superposition exhibits correlated inter-
ference with diverse characteristics depending on the structure of the many-body wavegroup. Two
non-local microscopic particles reflecting from a mesoscopic “mirror” illustrate unique features of this
correlation interferometer. The microscopic momentum exchanged then results in small displace-
ments of the superposed mesoscopic mirror substates, which mitigates experimental difficulties in
determining the quantum-classical boundary. Quantum behavior of this mesoscopic mirror, evident
in indirect measurements involving correlations between only the reflecting microscopic particles,
disappears for a classical mirror which cannot exist in such superposition states.
I. INTRODUCTION
Observation of macroscopic quantum phenomena con-
tinues to be a topic of interest [1, 2]. The systems which
are studied can be placed into a simple although imper-
fect dichotomy. The first category involves the collec-
tive behavior of large numbers of interacting particles,
such as that found in superconductors, superfluids, Bose-
Einstein condensates, the quantum Hall effect, and pro-
ton tunneling in ice [3]. The second, which is the focus of
the discussion below, involves quantum effects associated
with center of mass motion of an object composed of a
large number of atoms. This number covers three size
scales: large molecules traversing an interferometer [4],
mesoscopic mechanical oscillators [5], and macroscopic
masses (e.g. used in gravity wave detectors) [6, 7].
An implicit goal is to address the measurement prob-
lem [8]. The challenge is in reducing environmental cou-
pling to the system being studied since such coupling can
lead to measurement like interactions which decohere the
quantum state. Therefore, observing such decoherence is
sometimes an explicit research goal [9, 10].
Predictions of such quantum phenomena vary in com-
plexity. The simplest model is of one-body quantum in-
terference where the interferometer traversed is described
as a classical object. The next level of complexity in-
volves many-body correlations, a simple two-body de-
scription of which is given by Bohm’s version of the EPR
paradox [11].
Quantum correlated interference is a combination of
these and can be divided into three categories. The
first, type A or post-correlation interferometry, is of dis-
tinguishable particles which are correlated before they
traverse interferometers. The beamsplitters and mir-
rors then act as potentials to split or guide the parti-
cles through the interferometers. These are assumed to
be in the classical domain and are therefore referred to
as classical potentials [12]. Only the incident correlated
particles are measured beyond the interferometer output
ports. A simple example involves two microscopic parti-
cles which are generated in a decay and therefore are cor-
related via conservation of energy and momentum [13].
They then each traverse a different double slit interfer-
ometer, resulting in correlated fringe patterns.
The second, type B, involves both initially uncorre-
lated particles and interferometers which become cor-
related when the particles traverse the interferometers.
The mirrors, beamsplitters, and even the particles then
become integral parts of the interferometers and there-
fore are all treated as quantum objects. A simple ex-
ample is of one non-local particle reflecting from a static
mirror, both of which are initially uncorrelated, gener-
ating two-body correlated “standing wave” interference
between both the particle and mirror [14]. This interfer-
ence is a consequence of the system being in a superposi-
tion of both having and not having reflected the particle.
It is difficult to distinguish one or the other body as the
mirror and therefore identify one as the interferometer
and the other as the object which exhibits interference
after traversing the interferometer.
Rather than verifying quantum correlated interference
between the particle and interferometer in type B sys-
tems, only the particle traversing the interferometer is
typically measured at its output port. How such correla-
tion is masked in these measurements is a topic discussed
below. If the interferometer components behave as clas-
sical objects, which cannot exist in superposition states,
then correlation between the interferometer and particle
traversing it does not exist in principle. Nevertheless,
this particle remains in a a superposition state associ-
ated with the different paths through the interferometer
and therefore only it experiences interference. It is also
possible in type B systems for some of the interferometer
components to behave as quantum objects while others
are in the classical domain generating correlation only
between the particle and these quantum components.
Since quantum correlations are typically difficult to
measure, attempts are made to find many-body quan-
tum effects which are manifest in measurements on only
a subset of the bodies, predicted by a marginal probabil-
ar
X
iv
:1
51
0.
02
76
3v
3 
 [q
ua
nt-
ph
]  
1 J
an
 20
19
2ity density function, PDF, (or a reduced density operator
determined from a partial trace over the density matrix).
This provides an indirect measurement of the quantum
system. However, the full quantum correlation cannot be
verified explicitly in a marginal PDF.
Fewer type A systems are used since it is difficult to
generate correlated particles, inject them into an interfer-
ometer, and then measure their correlation at the inter-
ferometer output ports. Experiments which support type
A models are a consequence of either the interferometers
being in the classical domain or of marginal PDFs (mea-
suring only the correlated particles at the output port)
masking a correlation with the interferometer, an exam-
ple of which is discussed in sec. II E. The latter is an
example of type C systems. These involve initially cor-
related particles which experience additional correlation
with the interferometer as they traverse it, an illustration
of which is mentioned in sec. III E 5.
The central example of correlated interference pre-
sented here, type B, involves two non-local particles in-
teracting elastically only with a “mirror,” all three of
which are treated as quantum objects and all are initially
uncorrelated. The particles and mirror move in one di-
mension. Interference is a consequence of the reflection
order being indeterminate. This is an example of an open
interferometer for which the correlation is particularly
difficult to verify experimentally. To mitigate this, such
systems are transformed to closed interferometers facili-
tating indirect interferometric measurements via probes
(the reflecting particles) whose behavior is predicted by
a marginal PDF. A description of open and closed many-
body interferometers is given in sec. II G while methods
to transform open to closed interferometers are discussed
in sec. IV.
The calculations presented here differ from previous
work in the following ways. First, all of the interferome-
ter components are treated as quantum objects. Second,
microscopic bodies reflecting from a mesoscopic mirror
are used as an example of the results. It is then shown
that decoherence can be mitigated in this system. Third,
the importance of the many-body wavegroup structure
on correlated interference is emphasized in these ab ini-
tio calculations. Fourth an indirect measurement is out-
lined in which the interference of one particle is correlated
with that of the other via the quantum behavior of the
unmeasured mesoscopic mirror, with which both micro-
scopic particles interact. The results from this example
are then generalized to predict indirect measurements in
other coupled many-body interferometers, with a par-
ticular focus on microscopic particles reflecting from a
mesoscopic mirror in closed interferometers.
If the mirror behaves as a classical object it can no
longer be in the superposition state associated with in-
determinate reflection sequences of the particles. The
quantum-classical boundary is then reached when corre-
lated interference, which depends on this superposition
state, disappears. This boundary has been a topic of in-
vestigation since the founding of quantum theory, which
is indicative of the experimental difficulties involved in
its resolution. Mitigation of some of these issues using
many-body correlation interferometry in reflection is ad-
dressed below.
II. OVERVIEW
Before describing the calculations in detail, the follow-
ing subsections give heuristic descriptions of (1) corre-
lation and interference, (2) the many-body treatment of
interference in reflection, (3) how mirror fringes of meso-
scopic extent are maintained even as the mirror mass in-
creases, (4) how the interaction of the environment with
the mesoscopic mirror, which is in a superposition state,
is mitigated, (5) why the interferometric correlations ex-
ist (described in sec. II G), (6) wavefunction collapse in
a many-body interferometer, (7) the effect of wavegroups
on correlated interference, (8) closed and open interfer-
ometers, (9) experimental evidence for type B correlation
interferometry generated via recoil, and (10) the differ-
ence between simultaneous and asynchronous measure-
ments in correlated interference. An outline is then given
of the calculations that follow.
A. Correlation and interference
The PDF for a type A interferometer depends on,
among other things, the number of particles that tra-
verse the interferometer and the number of paths within
it [15]. For bipartite systems, photon pairs are corre-
lated by parametric downconversion before they traverse
different interferometers for each photon [15–18]. How-
ever, examples of more than two-body type A systems
are scarce, typically only involving gedankenexperiments
[13, 15]. There appears to be little discussion of type C
systems.
Here the splitting mechanism involves elastic retro-
reflection which is described by the motions of the ini-
tially uncorrelated particles and mirror centers of mass
in one dimension (quantum scattering in molecular two-
body systems has been well studied [19]). This type B
interference is a consequence of reflection both having or
not having occurred, the uncertainty of which is due to
the non-local character of one or more of the reflecting
bodies. Correlation is then a consequence of conservation
of energy and momentum in reflection. These fundamen-
tal principles, applied to recoil in other examples, have
played an important role in attempts to explain Bohr’s
principle of complementarity [20], although not without
controversy [21].
B. Interferometry in reflection
Interferometry in reflection [22] differs from division
of wavefront and division of amplitude interferometers.
3One advantage, useful in studying the quantum-classical
boundary, is that a mesoscopic mirror neither has to fit
through slits nor traverse beamsplitters to exhibit inter-
ference. Another is that the difficulty in interferometer
alignment is mitigated.
Yet another advantage is that reflection of a non-local
microscopic particle, of mass m, can result in mirror
fringe spacings which do not decrease with increasing
mesoscopic mirror mass, M . This is a consequence of
the superposition of mirror substates whose difference in
momenta, h¯∆K, is microscopic due to having and not
having reflected the non-local microscopic particle. The
resulting two mirror substate wavefunctions, of differ-
ent wavevectors, then interfere with a phase difference
∆φrefl = ∆Kx ≈ 2mvx/h¯, where v is the speed of mi-
croscopic mass m, and therefore a fringe spacing 2pi/∆K,
which is independent of M .
These mirror fringe spacings are to be contrasted with
those from a quantum object of mass M after it has tra-
versed a “classical” double slit potential, where the super-
position is between waves which have traveled different
distances to the observation point, resulting in a phase
difference given by ∆φslits = K∆x, where in the far field
limit ∆x = d sin θ, with d being the slit spacing and θ
the diffraction angle. The fringe spacing, in this one-
body treatment of the body as it traverses a double slit,
is then inversely proportional to M, resulting in fringe
spacings so small that they are imperceptible for large M .
This has similar implications for Kapitza-Dirac-Talbot-
Lau interferometers, which have been used to demon-
strate quantum interference with large molecules [23].
Such a one-body treatment of double slit interference
has an analogy with one-body interference in reflection
which involves a particle reflecting from a classical fixed
potential “mirror.” In this case, the standing wave fringes
of the particle also decrease in size with increasing par-
ticle mass.
However, in a two-body quantum treatment of this
particle-mirror system, fringes are also introduced in the
mirror substate. Now, rather than increasing the mass
of the reflecting particle (or its momentum) let it remain
microscopic while only the mass of the mirror increases.
Reflection of a microscopic particle from a mesoscopic
mirror in this two-body treatment then reveals quantum
effects in the mesoscopic mirror that are normally associ-
ated with the microscopic domain via the superposition
of mirror substates of different microscopic momenta.
That is, the mirror fringes do not become impercepti-
bly small as the mirror mass increases. Correlation, a
consequence of conservation of energy and momentum,
then influences the fringe locations in the two-body PDF
as a function of the particle and mirror coordinates (as
shown in fig. 2).
Interferometry with massive particles is often associ-
ated with an enhanced sensitivity to path differences
(e.g. ∆x) compared with that of optical methods, as
is illustrated by the decreasing fringe spacing in the dou-
ble slit example given above for increasing M . That is,
∂φslits/∂∆x = MV/h¯, where V is the speed of mass M ,
vs. ∂φoptical/∂∆x = k for an optical system, where k is
the photon wavevector.
Constructing interferometers which are insensitive to
vibrations and alignment becomes more difficult with
this increased sensitivity. However, for interference of
the mesoscopic mirror of mass M in two-body reflection
of a microscopic particle ∂φrefl/∂x = 2mv/h¯. Practical
methods to determine just that a mesoscopic body is in
a superposition state, rather than using it to interfero-
metrically measure small path displacements, require re-
duced rather than enhanced such sensitivity. This can be
implemented in two-body reflection interferometry for a
microscopic body reflecting from a mesoscopic mass since
then ∂φrefl/∂x << ∂φslits/∂∆x.
Measurements of non-zero rest mass particle reflection
have involved mirrors that reflect atoms [24] and Bose-
Einstein condensates [25], atoms reflecting from a solid
surface [26], neutrons [27] and atoms [28] reflecting from
vibrating mirrors, and atoms reflecting from a switchable
mirror [29]. While some of these results involve interfer-
ometry, none focus on correlation interferometry in re-
flection. Nevertheless, they provide evidence that coher-
ence can be maintained in reflection of massive particles
from mesoscopic to macroscopic masses. Reflection of
photons, discussed in sec. III E, is ubiquitous.
C. Interaction with the environment
In addition to generating mesoscopic mirror fringe
spacings, another advantage of a microscopic particle
of mass m reflecting from a mesoscopic mirror of mass
M is that the centers of mass of these interfering mir-
ror substates (having and not having reflected the par-
ticle) are displaced by the small distance, ∆D2body ≈
2m(v − V )t/M where v and V are the particle and mir-
ror velocities respectively. This displacement of the su-
perposed states is an important parameter in models of
quantum decoherence, which fall into two limiting cases
[30]: (a) the decohering environmental particle has a
wavelength λE << ∆D2body thereby allowing path infor-
mation to be encoded in each reflection of the environ-
mental particle or (b) λE >> ∆D2body which requires
many interactions with environmental particles to deter-
mine path information.
The wavelength of a typical environmental particle is
much larger than ∆D2body for a microscopic particle re-
flecting from a mesoscopic mirror and therefore model
(a) is not applicable [14]. The more likely decoherence
mechanism (b) is characterized by an exponential decay
of the off-diagonal density matrix element terms with a
time constant which depends on (∆D/λT )
2, where λT
is the thermal deBroglie wavelength of the mirror [31].
In this model, the quick quantum decoherence of the
Schro¨dinger cat states, for the superposed cats being sep-
arated by a few centimeters, is a consequence of this sep-
aration being much greater than the cat thermal wave-
4length. However, ∆D2body is much less than λT for a
mirror, of a mass similar to that of the cat, reflecting a
microscopic particle. Therefore this mechanism of envi-
ronmental decoherence can in principle be mitigated with
correlated interference in reflection and so holds poten-
tial for studying the quantum-classical boundary. This
issue is revisited in section III E.
Decoherence due to thermal radiation emitted by
fullerene molecules traversing a Talbot-Lau interferom-
eter has been observed [4]. The wavelength of the ther-
mal radiation emitted by the molecule could be made less
than the mesoscopic separation of the molecular center of
mass superposed states (of order 1µm). Similarly, deco-
herence of fullerene molecules, due to gas atoms collisions
has been measured [32]. Again, the center of mass dis-
placement of the fullerene superposed states was meso-
scopic. These results provide experimental evidence for
the models of decoherence described above, but only for
microscopic masses.
D. Three-body interferometer
Fig. 1 shows a schematic representation of the PDF
for a three-body interaction assuming simultaneous mea-
surement of all three bodies. Actual PDFs are given
later. The particle substate PDFs before interaction are
the Gaussians at t = −τ , one of which, to the left of the
“mirror”, is moving to the right, while the other, to the
right of the “mirror”, is moving to the left. The “mir-
ror” is represented as the black rectangle, moving to the
right. These are referred to as particle 1, the mirror, and
particle 2, with masses m1, M , m2, initial velocities v1,
V, v2 (shown as negative in this figure), and coordinates
x1, X, x2, respectively. Although the particles are shown
on opposite sides of the mirror, the formalism described
below allows for both particles to be on either side. It is
assumed that they interact only with the mirror.
FIG. 1: PDF schematic of the three-body interaction. Type
B correlated interference is illustrated at t = 0.
At t = 0 interference between the incident and reflected
particle substates is shown as oscillations in the PDF,
while interference between the mirror substates, which
have and have not reflected the particles, is represented
by the rectangular checkerboard pattern rather than the
solid rectangle. This snapshot at t = 0 illustrates a region
of correlated interference, although the correlation can-
not be shown in such a simple schematic. The figure also
cannot illustrate the complexity of interference patterns
generated by wavegroup substates of differing sizes which
are manifest as correlations in the coincidence rates for
the particles and mirror measured at different positions.
At time t = τ the three wavegroups have separated so
that no overlap occurs. The expectation values of the
position of each wavegroup substate then obey the laws
of classical reflection.
The three-body PDF sketched in fig. 1 at t = 0 in-
volves a superposition of five states (described in sec.
III), two examples of which are particle 1 reflecting before
2 and particle 2 reflecting before 1. For a large number of
N distinct particles reflecting from the mirror this num-
ber of states scales as N! since the reflected energies and
momenta of all the particles and mirror differ depending
on the order in which reflection occurs (superposition in
a quantum computer involves 2N states with N qbits).
E. Comparison: two-body double slit and
reflection interferometers
Consider the similarities between two-body correlation
interferometry for only one microscopic particle reflect-
5ing from a mesoscopic mirror and a two-body quantum
treatment of the center of mass motions of a microscopic
particle and a mesoscopic double slit through which the
particle travels. The double slit is constrained to move
only along the direction of a line drawn between the slits.
These are examples of type B systems in which the par-
ticle and mirror or particle and double slit are initially
uncorrelated. Their interaction, however, results in cor-
related interference.
To gain familiarity with such systems, a two-body PDF
for reflection of only particle 1 from the mirror is shown
in fig. 2. This is represented schematically in fig. 1 by
eliminating particle 2.
Three cases of interest are (A) both the particle and
mirror or particle and double slit are in localized states
[33], (B) both are in non-localized states, (C) the mirror
or double slit is in a localized state while the particle is
not.
For (A) no interference is exhibited since it is possi-
ble to determine if the particle has or has not reflected
or gone through one or the other slit simply from the
two-body wavegroup location along the particle-mirror
or particle-double slit coordinates (the centers of masses
of the particle and slits then behave as classical objects).
Fig. 2 would then consist of a PDF similar to a delta
function replacing the Gaussian distribution shown with
no interference at t = 0.
For (B) a correlated fringe pattern exists along the
particle-mirror coordinates, similar to that shown in the
middle right inset of fig. 2, or along the particle-double
slit coordinates. Destructive interference, in the two-
body formalism, then correlates the inability to measure
the particle and the mirror or particle and double slit at
certain locations.
To illustrate case (C) let the position of the localized
mirror be at X = 0 in fig. 2. The interferometric os-
cillation in the PDF, shown in fig. 2 at t = 0, is then
concentrated in the (x1,X) plane along the x1 axis as a
slice at fixed X = 0 [34] (yielding a PDF similar to that
shown in fig. 5c). In this case, the marginal PDF asso-
ciated with measuring only the particle involves integra-
tion of this two-body PDF along the mirror coordinate.
The result is the expected one-body standing wave PDF
for a non-localized particle reflecting from a stationary
classical mirror. A similar integration along the double
slit coordinate yields the familiar double slit interference
pattern.
This marginal PDF also conceals the two-body corre-
lation which remains. For example, consider a point in
the (x1,X) plane in the t = 0 inset of fig. 2 (or fig. 5c)
corresponding to destructive interference. The particle
and mirror are correlated in that neither’s center of mass
will be measured at this position. Yet such correlation
is revealed only in a measurement of both the particle
and mirror and not in the marginal PDF. However, for
a classical mirror or double slit no such interferometric
correlation exists in principle since these classical bodies
cannot be in a superposition state of having and not hav-
v1
FIG. 2: Three sequential two-body joint probability density
snapshots vs coordinates (x1,X) for only reflection of particle
1 from the mirror. The lower PDF waveform moves toward
the diagonal white line, corresponding to x1 = X, then reflects
in the middle snapshot where the incident and reflected two-
body wavefunctions “overlap”, and finally it moves away from
the diagonal in the upper snapshot. The upper left inset fig.
is a schematic of the “classical” analog before reflection while
the upper right inset fig. is that after reflection. The middle
right inset is a magnified version of the t = 0 plot. There is
no classical analog for the middle snapshot. Parameters are:
M/m1 = 100, V/v1 = 0.2, and ∆V/∆v1 = 0.02
ing reflected the particle or of recoiling from the particle
which traverses both the upper and lower slits.
One of the more unusual aspect of quantum many-
body systems is the existence of correlated interference
while there is no interference in the associated one-body
marginal result. This is a consequence of the marginal
PDF concealing the existing correlated interference. An
illustration, in the context of case (B), involves measur-
ing only the reflecting particle for the two-body corre-
lated interference PDF shown in the t = 0 inset of fig. 2.
Integrating this PDF over the mirror coordinate, to ob-
tain the marginal PDF, results in the reflecting particle
fringes “washing out.” Nevertheless, correlated interfer-
ence remains if both the particle and mirror are mea-
sured. Measuring only the particle after it has traversed
a double slit will similarly hide the existing correlated
interference if the double slit and particle are both in
non-localized states [35].
Again, no such correlated interference exists in princi-
ple if the mirror or double slit behave as classical objects,
which cannot be in the required superposition states. In
this case, only one-body interference is present.
6F. Wavefunction collapse in a type B many-body
interferometer
Some types of measurements are possible only in many-
body systems. One category involves correlation but not
interferometry. For example, the momentum of one body
and the position of the other can be measured at t = τ in
fig. 2. Another category is of measurements on a many-
body wavegroup involving type B correlated interference,
such as shown at t = 0 in fig. 1. These can be done
asynchronously (as discussed in subsection II I). Or, the
mirror in fig. 1 can be replaced with a component which
is a beamsplitter for particle 1 and a mirror for particle
2. Measurement of a non-local particle 1 retro-reflecting
from the beamsplitter yields three-body correlated inter-
ference. Measurement of it transmitting results in only
two-body correlated interference between particle 1 and
the mirror. In this and in an asynchronous many-body
interferometer, measurement modifies interference rather
than destroying it. This is discussed in more detail in
sections II I and III E 3.
To illustrate related issues, let the non-local incident
three-body state for fig. 1, which has a well defined en-
ergy and momentum but is not shown in this figure, be
Ψ1 while the non-local state associated with a particular
reflection order be Ψi. These incident and reflected states
have the same total energy and momentum. That is, the
sum of the frequencies or wavevectors of the particles and
mirror substates for any Ψi is equal to those sums for Ψ1.
Since the reflection order and therefore path information
is not known, the system is described by Ψtot =
∑n
i=1 Ψi
(which is calculated in detail below).
Measurements are then made on an ensemble of these
three-body systems. Let a mirror momentum measure-
ment on one of the members of this ensemble, with suffi-
cient resolution to distinguish the reflection order, result
in a particular value associated with Ψ3. A momentum
measurement on the two particles of different masses will
then yield values commensurate with conservation of mo-
mentum for Ψ3. Therefore, Ψtot “collapses” into Ψ3. If
N particles of different masses reflect from the mirror
then the non-local many body superposition state simi-
larly “collapses” when either the momentum of the mir-
ror or the momentum of only one of the N particles is
measured with the appropriate resolution.
However, the mirror momentum measurement may
have insufficient resolution to determine the reflection
order. The unmeasured bodies in this many-body sys-
tem then remain in a superposition state. An example
of measurement with limited resolution is found in the
two-body localized double slit traversed by a non-local
particle. A momentum measurement of the double slit,
which does not have the resolution to determine through
which slit the particle traverses, does not eliminate the
particle interference. The particle then remains in a su-
perposition state after such a measurement.
However, position measurements on such a non-local
three-body system do not yield the order of reflection
since the positions of the bodies are indeterminate. The
particle, measured at a given location, could have come
from the incident or any of the reflected states. Cor-
related interference is then revealed as measurements of
particle and mirror positions are made on many mem-
bers of the ensemble. The duality between momentum
and position in quantum mechanics is then manifest in
momentum and position measurements in the follow-
ing manner: (1) on a non-local particle-mirror system
a momentum measurement reveals the order of reflec-
tion while a position measurement does not (2) on a lo-
cal particle-mirror system a position measurement reveals
the order of reflection while a momentum measurement
does not.
G. Correlated interference: closed and open
interferometers
The interference shown in fig. 2 can be contrasted
with that from a two-body quantum treatment of a par-
ticle interacting with a finite potential well for one di-
mensional center of mass motion of both the particle and
finite well (replace the center of mass of the mirror in
fig. 2 with the center of mass of the well) [36]. An inci-
dent particle wavegroup substate with a size much larger
than that of the well and interacting with a localized well
yields results which are related to reflection of a pulse of
light from a thin film. For example, interference for the
reflected two-body wavegroup, determined by the well
depth and width, persists long after the wavegroup has
left this interaction region. It essentially encompasses the
whole two-body wavegroup envelope rather than generat-
ing fringes which vary with position within it. If the two-
body wavegroup shown in fig. 2 at t = τ had reflected
from a well then such particle-well interference would be
manifest in a variations of this wavegroup envelope simi-
lar to variations of a light pulse envelope reflecting from
a thin film.
In this case, correlated destructive interference of the
wavegroup in reflection corresponds to not being able to
measure the particle and well in positions of having re-
flected and recoiled, respectively. The particle then must
have transmitted through the well. This example illus-
trates the need for correlation in the interference between
the substates of a many-body system to preserve conser-
vation of energy and momentum.
It is also an example of correlated interference in a
closed-interferometer. The interference associated with
the superposition imposed by such an interferometer is
fixed beyond the output port and therefore is indepen-
dent of the location of the detectors which measure the
particle and well. Other examples involve fixed path
length Mach-Zehnder, Talbot, and Michelson interferom-
eters [37].
On the other hand, fig. 2 illustrates perhaps the sim-
plest open-interferometer, where the interference fringes
vary with position, in this case within the wavegroup en-
7velope. Another open-interferometer example is that of
two laser beams crossing where the fringes are localized
to the intersection region of the beams [38].
The closed-open interferometric dichotomy is most ob-
vious for non-local states, in which case, the PDF beyond
the output ports for a closed-interferometer is indepen-
dent of the coordinates of the bodies. It is a function
only of the fixed path differences within the interferome-
ter. In an open-interferometer this PDF depends on the
coordinates of the bodies.
A wavegroup adds a constraint on this “open” inter-
ference. For example, the fringes shown in fig. 2 at
t = 0 would not disappear at t = τ for a non-local
state. Yet they do for the wavegroup. The interference
fringes are washed out at t = τ due the position de-
pendent phase shifts in the superposition of states with
different wavevectors which comprise the wavegroup. It
is then possible to determine if the particle did or did not
reflect simply from a measurement of the position of the
two-body wavegroup at t = τ in fig. 2. Such a determi-
nation is not possible for a non-local state in this case,
yielding open interferometer fringes even when t = τ .
A two-body system can have a pair, one for each body,
of either closed or open substate interferometers. For ex-
ample, an open-closed interferometer has a PDF which
depends only on the coordinates of the body correspond-
ing to the open interferometer. A three-body system
could have a permutation of each interferometer type
for each particle. Figs. 2 and 1 illustrate open-open
and open-open-open systems respectively. Examples of
closed-closed systems are given in the next section.
Reflection of the particle-well wavegroup has both
transient open-open and persistent closed-closed inter-
ference properties. During the initial interaction near
t = 0 the incident and reflected wavegroups form fringes
with spatial dependence. However, after this overlap dis-
appears, only the closed-closed interferometer nature of
the particle-well interaction remains. The resulting per-
sistent interference is manifest in the magnitude of the
wavegroup envelope at t = τ varying with finite well
spacing (e.g. the two-body reflected particle-well wave-
group would essentially disappear for destructive inter-
ference). Such persistent interference is a consequence of
it being impossible for any measurement of the particle
and/or well to result in path information about the parti-
cle having reflected from one well boundary or the other,
whereas the transient interference involves not knowing
if the center of masses of the particle and well did or did
not reflect.
While measurement of quantum correlation is difficult,
its verification in an open interferometer is even more
challenging, particularly when the detector must measure
the particle at a position within a small fringe spacing.
To mitigate these experimental difficulties, designs which
transform open to closed interferometers are discussed in
sec. III E 3.
Experimental evidence of such coupled interferometers
in two-body microscopic systems is considered next. The
following examples treat most interferometer components
as classical potentials while the correlation is generated
via recoil between an atom and the photon it emits or
scatters either before or within the interferometer.
H. Experimental evidence for correlated
interference in recoil
The first example involves a photon emitted by an
atom [39]. The atom initially moves in a direction per-
pendicular to that of the emitted photon. A closed-
interferometer is constructed for the photon using only
a retro-reflecting mirror (a classical potential) which su-
perposes photon paths associated with its emission in
opposite directions from the atom. The atom does not
simultaneously emit two photons, each in opposite direc-
tions. Rather, it is not known in which direction the one
photon is emitted. The superposed photon states move in
the same direction since one is retro-reflected. They have
the same momentum, having each recoiled in emission.
A closed interferometer is also constructed for atom
states which have recoiled in opposite directions by us-
ing a Bragg grating placed downstream from the emis-
sion region to combine these atom states with the same
momentum. Correlation between the atom and photon
interferometer outputs is a consequence of conservation
of energy and momentum in recoil. This is an example of
a correlated closed-closed interferometer since the PDF
beyond the output ports depends on neither the photon
nor atom coordinates.
Interference in the output of the atom interferometer
is then correlated with the output of the photon interfer-
ometer. In addition it is correlated with the path differ-
ence in the photon interferometer. However, rather than
measuring correlated interference between the outputs of
the atom and photon interferometers, a marginal PDF
involving measurement of only the atom interferometer
output was obtained. Nevertheless, the correlation be-
tween these interferometers is manifest as changes in the
fringe pattern in the output of the atom interferometer
when the path difference in only the photon interferom-
eter is varied. A similar result is derived in sec. IV for
one particle reflecting from a mirror.
The second example, related to two-body correlated
interference in reflection, involves the scattering of a pho-
ton from an atom while the atom traverses a MZ (Mach-
Zehnder) interferometer [41]. The photon “reflects” from
the atom while it is in both arms yielding interference
similar to that from two point sources that are separated
by the distance between the atom states in the MZ arms.
The scattered photon momentum states are in general
not the same, resulting in the open nature of the inter-
ference. The atom recoil states similarly differ yielding
an open atom interferometer substate.
As in the previous example, a marginal PDF involv-
ing measurement only at the output port of the atom
substate interferometer was obtained. A closed photon
8interferometer was then constructed by restricting the
measurement of the atom to positions at its output port
corresponding to interference of both the photon states
in the same direction. This then results in a superposi-
tion of both photon states with the same momentum and
atom states with the same momentum. Inference of cor-
relation between these closed-closed interferometers was
then made. However, when not restricting the measure-
ment of the atom in such a manner, the interferometer
was open-open. The marginal interference of the atom
then vanished as expected.
The first example discussed above is of a type A sys-
tem where two particles are initially correlated in a
momentum-conserving decay and then each traverses dif-
ferent interferometers whose outputs combine the same
momentum photon and the same momentum atom two-
body states. This differs from the type A open-open
system described by Gottfried [13] but apart from their
open/closed nature they are similar in their correlation
due to conservation of energy and momentum in a decay
and then the subsequent particle traversal of separate
interferometers [13].
The second example discussed above is of a type B
system where an initially uncorrelated photon and atom
become correlated in their interaction within a MZ inter-
ferometer. However, the interaction generating the atom-
photon correlation is only between these microscopic par-
ticles and not between the particles and other interfer-
ometer components. The data can then be interpreted as
supporting the treatment of the components or the MZ
as classical potentials.
Both of these examples measure interference in closed-
closed interferometers which are correlated via recoil of
two microscopic bodies. The type B correlated interfer-
ometry in reflection shown in fig. 1 differs from these
examples in that the superposition is of substates whose
momenta differ in magnitude and direction, in which case
the interference is fundamentally that of an open-open-
open interferometer. Another difference is that only the
atom and photon are treated as quantum objects in the
above examples while the mirrors and gratings of these
interferometers are classical potentials. On the other
hand, in fig. 1 all the interferometer components are
treated quantum mechanically.
Yet another difference is that the displacement of the
atoms is mesoscopic while the displacement of the mir-
ror is microscopic for a microscopic particle reflecting
from a mesoscopic mirror. This large displacement of the
atoms, either from recoil in emission or due to travers-
ing a MZ interferometer, facilitates studies which support
the model that quantum decoherence is a function of this
displacement, as discussed in sec. II C [4, 32]. The pre-
diction that environmental decoherence is mitigated in
correlation interferometry with a microscopic particle re-
flecting from a mesoscopic mirror is then based on the
experimental evidence from such atom interferometers.
I. Simultaneous vs. asynchronous measurement
An open substate interferometer introduces a feature
present only in quantum many-body systems. As an ex-
ample, consider the open-open system shown in fig. 2.
Let the particle be measured first at some location within
the particle-mirror correlated interference region of fig. 2
at t = 0 while the mirror is measured later. Since both
bodies are eventually measured the result is not given by
a marginal PDF.
It is not possible to determine if the particle did or did
not reflect from the mirror in this measurement. There-
fore, the mirror must remain in a superposition state of
having and not having reflected the particle [40]. This
is manifest, after measurement of the particle, as a one-
body superposition of mirror states which have and have
not recoiled. These one-body mirror states can generate
persistent interference fringes beyond the t = τ snapshot
of fig. 2 [14].
This is similar to the two-body system in which the
resolution of the double slit momentum measurement is
insufficient to determine the particle path through the
slits, as was discussed in sec. II F. In both this and asyn-
chronous measurement, the unmeasured body remains in
a superposition state after a measurement is made on the
other body, which has insufficient resolution to determine
path information.
However, a simultaneous measurement of the positions
of the particle and mirror, long after overlap of the in-
cident and reflected two-body wavefunctions, does not
exhibit any interference, as shown in the t = τ waveform
of fig. 2. For the particle and mirror to be measured
simultaneously at these positions when t = τ , with un-
certainty in their locations constrained by the size of the
two-body wavegroup, it is clear that reflection must have
occurred, thereby yielding path information and elimi-
nating interference. Yet correlation remains. The loca-
tion of the reflected particle correlates with that of the
recoiled mirror, within the uncertainty associated with
the wavegroup size, to maintain conservation of energy
and momentum.
Consider now asynchronous measurement in the per-
sistent interference region using the particle-well system
discussed in sec. II G as an example. After measure-
ment of the reflected particle but before measurement of
the well, the well is in a one-body superposition state of
having reflected the particle from both of its well bound-
aries. The one-body well wavefunction, generated after
the particle has been measured, is then constructed from
the two-body wavefunction by fixing the time and posi-
tion coordinates of the particle where and when it was
measured.
The experimental advantage of asynchronous measure-
ment in the particle-well system is that the particle can
be measured at any reflected position (beyond the tran-
sient interference region) while maintaining the one-body
well superposition state since the particle interference
is not spatially localized, as it is for the interferometer
9shown in fig. 2. Nevertheless, the phases of the resulting
one-body well states are affected by the location of the
particle measurement since the time and position coordi-
nates of this particle are thereafter fixed in the two-body
wavefunction which is used to construct the one-body
well state after measurement of the particle.
For the three body case shown in fig. 1 asynchronous
measurement could involve first measuring the position
of one particle in the interference region at t = 0. Math-
ematically, the time and position coordinates of this par-
ticle are thereafter fixed in the three-body wavefunction,
which becomes the two-body wavefunction (given as a
function of the unmeasured particle and mirror coordi-
nates) that then continues to time evolve. Conceptually,
the mirror and other particle remain in a superposition
state of the measured particle having and not having re-
flected. This results in correlated interference between
the unmeasured particle and mirror after the first parti-
cle was measured. Let the second particle be measured
next while the mirror is never measured. The result is
then predicted by a marginal PDF of the two-body state
which resulted from asynchronous measurement of the
initial three-body system. While the calculations in sec-
tions III and III C correspond to PDFs for synchronous
measurements, it is not difficult to modify them to pre-
dict both asynchronous and asynchronous marginal ef-
fects. However, that is beyond the scope of this already
lengthy discourse.
J. Synopsis of the calculations
An open interferometer in which massive particles re-
flect from a mirror is the focus of the initial calculations.
After deriving the full many-body interferometric cor-
relation, the discussion then turns to indirect measure-
ments on this system. However, correlation in an open
interferometer is difficult to measure. Methods to trans-
form open to closed interferometers to mitigate this issue
are the focus of the remaining discussion, where more
practical methods to measure correlated interference in
closed interferometers utilizing photons reflecting from a
mesoscopic body are considered.
The mirror is modeled as a moving delta function po-
tential [42] where reflection is assumed to occur at its
center of mass, with the boundary condition that the
wavefunction (incident and reflected three-body states)
vanish at x1 = X = x2. More realistic boundary con-
ditions limit the generic nature of the results. Only the
center of mass motions for the particles and mirror are
calculated and the velocities used are assumed to be those
which result in reflection of both particles from the mir-
ror.
III. THREE-BODY REFLECTION IN AN OPEN
INTERFEROMETER
A. Energy eigenstates
1. Incident
Assume that the two particles and mirror are initially
in an uncorrelated eigenstate of energy before reflection.
The separable solution to the Schro¨dinger equation for
this non-interacting “particle-particle-mirror” state is
Ψ1 = ψ[x1, t]ψ[X , t]ψ[x2, t] ∝
exp[i(k1x1 − h¯k
2
1
2m1
t+KX − h¯K
2
2M
t+ k2x2 − h¯k
2
2
2m2
t)],
(1)
where x1, x2, and X are the positions along the x-axis
of the two “particles” and “mirror” respectively, while
k1, k2 and K are the respective incident wavevectors;
k1 = m1v1/h¯, k2 = m2v2/h¯ and K = MV/h¯ with masses
m1, m1, and M , and initial velocities v1, v2 and V , as
defined in sec. II D. The PDF for such non-local uncor-
related particle-mirror states then leads to predictions
about the probability of simultaneously finding particle
1 at x1, particle 2 at x2, and the mirror at X .
Consider next the energy eigenstates for the system
shown in fig. 1. These three bodies can exist in 6 possible
eigenstates: (1) uncorrelated incident, (2) particle 1 has
reflected but not particle 2, (3) particle 2 has reflected
but not particle 1, (4) particle 1 reflected first followed
by reflection of particle 2, (5) particle 2 reflected first
followed by reflection of particle 1, and (6) simultane-
ously reflection of the three bodies. Since it is not known
where the bodies are located for such non-local states,
the amplitudes for these six “paths” must be summed.
Interestingly, conservation of energy and momentum
do not determine a unique solution for simultaneous
three-body elastic reflection [43]. It is assumed here that
the probability for such a collision is small compared with
that of the other five “paths” and therefore is neglected
[44]. Experimental confirmation of the resulting predic-
tions will validate this assumption.
2. Reflected eigenstates (2) and (3)
The Schro¨dinger equation for eigenstate 2 is given
by the product of a two-body correlated state, due to
reflection of particle 1 from the mirror, with the non-
interacting substate for particle 2. These are separable,
yielding Ψ2 = ψ[x1,X , t]ψ[x2, t].
The two-body state is a solution to
(h¯2∂2x1/2m+h¯
2∂2X /2M+βδ[x1−X ]+ih¯∂t)ψ[x1,X , t] = 0,
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where square brackets are used to indicate the argument
of a function. For simplicity, the mirror reflectivity is
assumed to be unity. Therefore, letting β → ∞, results
in the boundary condition that the sum of the incident
and reflected states vanish at the mirror and no state
exists for x1 > X since the particle cannot move through
the mirror.
The solution, Ψ2 = ψ[x1,X , t]ψ[x2, t], is given by [14]
Ψ2 ∝ exp[i(k1rx1 − h¯k
2
1r
2m1
t+K1rX − h¯K
2
1r
2M
t)]
× exp[i(k2x2 − h¯k
2
2
2m2
t)], (2)
where k1r = m1(2MV −Mv1 + m1v1)/h¯(M + m1) and
K1r = M(MV − m1V + 2m1v1)/h¯(M + m1). These
wavevectors are obtained by determining the velocities
of the reflected particle and mirror, v1r and V1r, from
conservation of momentum and energy in the elastic col-
lision and then using them in the relations k1r = m1v1r/h¯
and K1r = MV1r/h¯.
The same procedure for Ψ3 = ψ[x2,X , t]ψ[x1, t] yields
Ψ3 ∝ exp[i(k2rx2 − h¯k
2
2r
2m2
t+K2rX − h¯K
2
2r
2M
t)]
× exp[i(k1x1 − h¯k
2
1
2m1
t)], (3)
where k2r = m2(2MV −Mv2 + m2v2)/h¯(M + m2) and
K2r = M(MV −m2V + 2m2v2)/h¯(M +m2).
3. Reflected eigenstates (4) and (5)
The state for particle 1 reflecting before particle 2, af-
ter both have reflected, is given by
Ψ4 ∝ exp[i(k1rx1 − h¯k
2
1r
2m1
t+K12X
− h¯K
2
12
2M
t+ k2r12x2 − h¯k
2
2r12
2m2
t)], (4)
where the reflected wavevectors are given by k2r12 =
m2v2r12/h¯, and K12 = MV12/h¯ (and k1r is given fol-
lowing eqn. 2). The velocities V12 and v2r12 are
of the mirror and particle 2 after both have reflected
in the specified order. Expressions for these velocities
again follow directly from conservation of momentum
and energy. The reflected wavevectors are given by solv-
ing the following eqns: k2r12h¯(M + m1)(M + m2) =
2Mm2(MV −m1V + 2m1v1) +m2(M +m1)(m2−M)v2
and K12h¯(M + m1)(M + m2) = M(M − m2)(MV −
m1V + 2m1v1) + 2M(M +m1)m2v2.
The state for particle 2 reflecting before particle 1, af-
ter both have reflected, is given by
Ψ5 ∝ exp[i(k2rx2 − h¯k
2
2r
2m2
t+K21X − h¯K
2
21
2M
t+
k1r21x1 − h¯k
2
1r21
2m1
t)], (5)
where k1r21 = m1v1r21/h¯ and K21 = MV21/h¯ (k2r is
given following eqn. 3). The velocities V21 and v1r21 are
of the mirror and particle 1 after both have reflected in
the specified order. Expressions for these velocities again
follow directly from conservation of momentum and en-
ergy. The reflected wavevectors are given by solving the
following eqns: k1r21h¯(M+m1)(M+m2) = m1(M
2(2V−
v1) + m1m2v1 + M(m1v1 − m2(2V + v1 − 4v2))) and
K12h¯(M+m1)(M+m2) = M(M
2V −M(m1(V −2v1)+
m2(V − 2v2)) +m1m2(V + 2v1 − 2v2)).
B. Three-body eigenstate interference
The boundary condition that the three-body energy
eigenstate vanish at the mirror, x1 = X = x2 is satisfied
by the following superposition,
Ψeigenstatetot ∝ Ψ1 − c2Ψ2/2− c3Ψ3/2 + c4Ψ4 − c5Ψ5, (6)
where the constants c2, c3, c4, and c5 are constrained
by c2 + c3 − 2c4 + 2c5 − 2 = 0. It is assumed that
c2 = c3 = c4 = c5 = 1, which results in cancellation
of some interference terms. While this choice does not
affect the fundamental results it does simplify the calcu-
lations presented below.
Generic results for PDF eigenstatetot =
Ψeigenstatetot Ψ
∗ eigenstate
tot using eqns. 1 → 6 are too
lengthy to present here. However, for M  (m1,m2)
this reduces to
PDFtot[x1,X, x2]
eigenstate ∝ 3
2
− cos[α]
+
cos[α− β]
2
− cos[β], (7)
where
α =
2m1(V− v1)(x1 − X)
h¯
and β =
2m2(V− v2)(x2 − X)
h¯
.
The cos[α] term is the two-body correlated interference
expression or cross term associated with interference be-
tween states 1 and 2. The cos[β] term is due to interfer-
ence between states 1 and 3. The cos[α−β] term is due to
interference between states 2 and 3. For M  (m1,m2)
states 4 and 5 do not contribute to eqn. 7.
One issue which is fundamental in determining the
quantum-classical boundary is that of interferometric ef-
fects which do not become imperceptible in the limit of
large mirror mass. For example, in eqn. 7 the fringe
spacing, which is approximately determined by α, β, or
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their difference cycling through 2pi radians, is given by
displacements along the coordinates which are inversely
proportional to the masses of the microscopic particles
reflecting from the mesoscopic mirror and not inversely
proportional to the mirror mass, as discussed in sec. II B.
C. Interference of wavegroups
Any experimental realization of the interferometer
sketched in fig. 1 will involve wavegroups. The inci-
dent wavegroup is assumed to be given by a integral
of Ψeigenstate1 over Gaussian distributions of the initial
wavevector components k1, k2, and K. The mirrors
amplitude is proportional to exp[−(K − K0)2]/(2∆K2)
where the peak of the distribution is at K0 and ∆K is its
width, while for particle 1 the amplitude is proportional
to exp[−(k1−k10)2]/(2∆k21), where the peak of the distri-
bution is at k10 and ∆k1 is its width. A similar expression
is used for particle 2. In the same manner, an analytic
expression for the incident and reflected wavegroups is
obtained from Ψeigenstatetot yielding the three-body wave-
group Ψwavegrouptot . Analytic expressions are obtained for
these integrals.
For particle masses much less than that of the mir-
ror these wavegroup calculations produce fringe spacings
which do not perceptibly decrease with increasing mirror
mass as described in section II B. The wavegroup fringe
pattern shown in fig. 2 is essentially that of the non-
local calculation modified by an envelope factor associ-
ated with the two-body wavegroup.
These Gaussian wavegroups yield incident and re-
flected peaks of the three-body wavegroup substates
which overlap at t = 0 as shown schematically in fig.
1. For localized particles the reflection order is associ-
ated with that of the reflection of these peaks. However,
as the widths of the Gaussian wavegroup substates in-
crease and begin to overlap the reflection order then be-
comes indeterminate. The peaks can reflect in one order
while the energy and momentum transfered to the parti-
cles corresponds to a different reflection order. As these
wavegroup widths increase and overlap there is a transi-
tion from particle to wave behavior which is manifest as
interference. However, the resulting correlated interfer-
ence is nevertheless modulated by the envelope of these
Gaussian wavegroup substates. Modifications of the re-
sults above to include delays in the reflection of the peak
of one particle wavegroup with respect to the other are
discussed in the appendix A.
It is difficult to display three-body PDF plots of cor-
related interference, as shown schematically in fig. 1.
Instead, these plots are shown as a function of only
the coordinates of particle 1 and the mirror (a slice in
the (x1,X, x2) space), for a position of particle 2 that
is located within the interferometric PDF oscillations
sketched in fig. 1.
Another simplification, to illustrate such three-body
PDFs, incorporates a broadband mirror substate wave-
group (narrow spatial width compared with the fringe
structure) with narrow band (large spatial width com-
pared with the fringe structure) particle substate wave-
groups. This transforms the wavegroup shown in fig. 2
into one with an elliptical footprint in the (x1,X) plane,
whose large major and small minor axes are along x1 and
X, respectively.
To illustrate the effect of wavegroup structure on in-
terference compare the right graph shown in fig. 3 to
the snapshot at t = 0 shown in fig. 2, both of which
are two-body PDFs. In one case the recoil of the mir-
ror is insufficient to prevent overlap of the incident and
reflected two-body wavegroups, yielding the interference
in the (x1,X) plane as shown in fig. 2. In the case of
the elliptical wavegroup shown in fig. 3, the recoil is
sufficient to prevent this overlap and therefore prevent
interference. A measurement of the particle at a given
position x1 then yields two mirror positions, those as-
sociated with the particle reflecting and not reflecting.
The mirror position after recoil, in this case, compared
with its initial position is larger that the uncertainty in
its position. While interference has disappeared correla-
tion has not. The particle measured at a given position
is correlated with the two mirror positions corresponding
to the particle having and not having reflected.
The interferometric effects due to the addition of the
third body are shown in fig. 3 for the snapshot at t = 0.
The only difference between the upper and lower left side
plots in fig. 3 is the value of x2. However, in both plots,
x2 is fixed to be within the position of interferometric
PDF oscillations sketched in fig. 1. The horizontal ridge
along the x1 axis corresponds to a superposition of paths
1 and 3 or interference of states in which particle 1 has
not reflected while the mirror has and has not reflected
particle 2. The diagonal oscillations in the PDF corre-
spond to a superposition of paths 2, 4, and 5, which are
defined above. This PDF is a manifestation of the three-
body interferometer. Long after the overlap shown in fig.
3 the elliptical PDF moves away from the white line cor-
responding to x1 = X as does the two-body wavegroup
shown in fig. 2 at t = τ .
Fig. 4 is a modification of fig. 3 which involves narrow-
ing the spatial width of the mirror substate wavegroup
while also increasing the mass of particle 2, relative to the
parameters used in fig. 3. Fig. 4 illustrates reflection act-
ing more as a beamsplitter than an interferometer. The
paths associated with the separate ridges are labeled as
described in sec. III A 1. The reflection of particle 2 then
imparts sufficient momentum to separate these narrower
wavegroups, thereby eliminating the interference shown
in fig. 3. For example, the two interfering states parallel
to the x1 axis of fig. 3, corresponding to paths 1 and 3,
which no longer overlap in fig. 4. Since state 3 involves
reflection of particle 2 but not of 1 its manifestation in
these plots is an offset along the X axis due to the impulse
delivered to the mirror by particle 2.
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FIG. 3: A reflecting three-body wavegroup with an elliptical
footprint in the (x1,X) plane. The parameters in the upper
and lower left three-body PDF correlated interference plots
differ only by the particular value used for x2. Using the
same parameters, the right plot shows a two-body PDF plot
for reflection only of particle 1 from the mirror.
x
x1
(1)
(2)
(3)
(4)
(5)
FIG. 4: Fig. 3 parameters have been modified to illustrate
the system acting as a beamsplitter. The paths associated
with the separate ridges are labeled as described in the text.
The lack of overlap of these paths prevents the interference
between some of these paths which is shown in fig. 3.
For a measurement of particle 1 at x1 and particle 2 at
the value used in the figure, the mirror is in 5 distinct po-
sitions one along each ridge of the PDF, each associated
with a path, and labeled numerically as defined above.
Particle 1, found at such a location, must then be cor-
related with the mirror located at a position associated
with having reflected the particles via paths 1 through
4. Although the different paths no longer overlap, the
system remains in a superposition of all the paths and
not in a separable state.
Verification of such correlated interference requires si-
multaneous measurement of both particles and the center
of mass of the mirror with instruments having a spa-
tial resolution smaller than the fringe spacing. For a
static mesoscopic mirror reflecting microscopic particles,
this spacing is about half the deBroglie wavelength of
the particles, which at ∼ 1 µm for ultracold atoms [45],
potentially satisfies this requirement. Additionally, the
effects of longitudinal coherence length, lc, need to be
considered. For ultracold atoms lc ≤ 10 µm [45], while
for a mirror this is given by lc ≈ λ2/∆λ = λV/∆V
[46]. If the uncertainty in the mirror velocity is deter-
mined by its thermal equilibrium with the environment
then ∆Vthermal ≈
√
2kBT/M yielding for the mirror,
lthermalc ≈ h/
√
2MkBT . Constraints on indirect mea-
surement of correlated interference involving these co-
herence lengths are discussed in the next section.
D. Indirect measurement
Measuring interferometric correlations among a subset
of bodies is more practical than verifying the full corre-
lation. When applied to the quantum-classical transition
such an indirect measurement must reveal the mesoscopic
mirror’s superposition state via interferometric correla-
tions between only the reflecting particles.
To predict such effects, the many body PDF is inte-
grated over X, reducing the coordinate space spanned by
the three-body state. This procedure, when applied to
the PDF shown in the t = 0 inset of fig. 2, virtually
eliminates interference. Yet, measuring particle 1 for the
PDF shown in fig. 3 while particle 2 is measured at
the location used in this figure yields a marginal PDF
which does exhibit three-body interference. These exam-
ples illustrate the need for careful experimental design
in revealing the quantum behavior of the mirror in an
indirect measurement.
Two conditions required to achieve this are first that
the mirror must be in a state in which the order of re-
flection is indeterminate. This is most easily satisfied
by reflecting at least one non-local particle. Both states
shown in figs. 3 and 4 satisfy this condition. Second,
these states must overlap (requiring a small momentum
transfer), as illustrated in fig. 3, and not simply exhibit
the superposition shown in fig. 4.
Even if the superposed states do not overlap in the
(x1,X) plane, both a small momentum transfer and non-
local behavior of particle 2 may be sufficient to maintain
interference in the (x1,X) plane. An example of this is
given in sec.III E 2. Determining simple constraints on
correlated interference is more difficult for the reflection
of particles with such different momentum transfers and
non-local properties. In deriving such relationships, de-
scribed below, it is assumed that each particle is suffi-
ciently non-local and the momentum exchanged in each
collision with the mirror is small enough to exhibit inter-
ference independent of the other body.
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For such overlap of the mirror substates to occur, the
mirror coherence length needs to exceed its recoil induced
displacement ∆D3body generated by the particles along
the different paths. In so doing, fig. 4 is transformed into
fig. 3. While the coherence length is small for a meso-
scopic object, the mirror center of mass displacements
for microscopic objects reflecting from a mesoscopic mir-
ror in different orders can be smaller. Assuming a ther-
mal coherence length for the mirror, this is expressed as
lthermalc > ∆D3body.
An estimate of ∆D3body is next given for the differ-
ent cross terms in eqn. 7. Those that do not vanish in
the limit of microscopic particles reflecting from a meso-
scopic mirror are paths 1, 2, and 3, each of which in-
volves only one-body reflection. For microscopic masses
reflecting from a mesoscopic mirror it is shown next that
∆D3body ∝ m1/M or m2/M . Since lthermalc ∝ 1/
√
M ,
∆D3body decreases faster than l
thermal
c for increasing M .
The positions of the wavegroup substate peaks are ap-
proximated using classical kinematics in reflection, where
the group velocities and the positions of these wave-
group substate maxima are associated with the veloc-
ities and positions of the respective bodies. The dif-
ferences in mirror positions between these states, de-
noted in the superscript of ∆D, are then ∆D122body ≈
2m1(v1 − V )t/M , ∆D132body ≈ 2m2(v2 − V )t/M , and
∆D232body ≈ 2m1(v1 − V )t/M − 2m2(v2 − V )t/M .
However, unlike the reflection shown in fig. 1, the
wavegroup peaks for each particle do not have to coincide
with the mirror wavegroup peak in three body reflection
at t = 0. Modifications of these calculations to include
such offsets are discussed in appendix A. If such a de-
layed collision generates an extra displacement which is
larger than the mirror coherence length then three-body
correlated interference again vanishes.
The effect of such a delayed reflection on the position
of the mirror wavegroup peak can again be estimated by
classical kinematics. Consider a delay in the reflection of
the particle 2 substate wavegroup peak by a time τ0 af-
ter that of particle 1. The difference between the mirror
positions after only particle 1 reflects (state 2) and after
only particle 2 (state 3) reflects with a delay τ0 is then
∆D232body ≈ 2m1(v1 − V )t/M − 2m2(v2 − V )(t − τ0)/M .
An estimate of the conditions needed for an indirect mea-
surement to reveal the superposition state of the mirror
is then lthermalc > ∆D3body for the different mirror dis-
placements given above.
Having satisfied these conditions, correlated interfer-
ence for wavegroups can then be approximated by en-
ergy eigenstate solutions within the overlap region. For
example, the locations of the wavegroup fringes shown in
fig. 2 at t = 0 match well those of calculations which
use the superposition of incident and reflected non-local
particle-mirror states. The difference predominately in-
volves a factor associated with the Gaussian envelope of
the fringes. In addition, the eigenstate approximation
to wavegroup interference remains a good approximation
even for more localized mirror states as illustrated in fig.
5 (c), which is discussed next. This approximation ap-
plied to three-body reflection then utilizes eqn. 7.
Another marginal PDF example of a three-body wave-
group system is shown in fig. 5. Although the parameters
are similar to those of fig. 3, they are modified to have a
much smaller particle 1 momentum exchange, resulting
the incident and reflected states overlapping in a manner
similar to that shown in fig. 2 at t = 0. In fig. 5 (a) to
(c) the width of only the mirror substate is sequentially
decreased. These PDFs are determined for a position
of particle 2 that is located within the interferometric
PDF oscillations sketched in fig. 1. In fig. 5(a) inte-
gration over X essentially washes out any interference in
the resulting marginal two-body PDF. However, a similar
marginal PDF for fig. 3 (c) yields the correlated interfer-
ence two-body PDF shown in fig. 5 (d). Such interference
is not possible without the mirror being in a superposi-
tion state of different reflection sequences. This example
also illustrates the importance of wavegroup structure in
the success of having an indirect measurement reveal the
quantum behavior of the mirror.
For the non-local particle substates and localized mir-
ror substate of fig. 5(c), the marginal PDF can be ap-
proximated using eqn. 7, with the mirror substate being
a delta function distribution in position. Integrating over
the mirror coordinate then yields
PDF eigenstatetot [x1, x2] ∝
3
2
−cos[2m1(V− v1)(x1 − X0)
h¯
]
+
1
2
cos[
2m1(V− v1)(x1 − X0) + 2m2(V− v2)(X0 − x2)
h¯
]
− cos[2m2(V− v2)(X0x2)
h¯
]. (8)
This differs from the exact wavegroup result shown in fig.
5 (d) by a slight variation in the magnitude of the PDF
due to the large but finite Gaussian distributions of the
PDFs of the particles. Under these conditions eqn. 8 is
a good approximation to the wavegroup interference.
A comparison of PDF eigenstatetot [x1, x2] can be made
with independent one-body solutions to the Schro¨dinger
equation for M  (m1,m2) while treating the mirror as
a classical potential. The PDF for each particle residing
on opposite sides of a mirror is,
PDF classical[x1] + PDF
classical[x2] ≈ 2−
cos[
2m1(V− v1)(x1 − X0)
h¯
]−cos[2m2(V− v2)(X0 − x2)
h¯
].
This differs from the approximate marginal PDF given
in eqn. 8 in not having the cos(α−β) term, which intro-
duces a correlation between a measurement of one parti-
cle with that of the other.
An indirect measurement might then consist of ultra
cold atoms reflecting from opposite sides of a stationary
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FIG. 5: Plots (a) through (c) illustrate three-body PDFs with
increasing mirror localization, while x3 and the size of the
particle wavegroups is fixed. Plot (d) illustrates the marginal
PDF derived from plot (c).
mirror. Observation of a standing wave atom PDF pat-
tern as predicted in eqn. 8 would then indicate quantum
behavior of the mirror without a direct measurement of
it.
While the approximation using eqn. 7 is useful in un-
derstanding how the interaction of the three bodies is
manifest in a marginal PDF, it is incomplete since both
the time dependent motion of the wavegroup and its spa-
tial dependence are neglected. It is most accurate during
overlap of the three wavegroup substates.
The coordinate space of PDF eigenstatetot [x1, x2] can
again be lowered by reducing the coherence length of par-
ticle 2, resulting in a sequence for fig. 5 (d) which pro-
gresses in a similar manner to that of fig. 5 (a) going to
fig. 5 (c). The particle 2 substate then becomes a delta
function distribution in position, peaking at x2 = x20
while that of particle 1 remains in a broad spatial distri-
bution. This one-body PDF can again be approximated,
in the interference region shown in fig. 1, by integrating
PDF eigenstatetot [x1, x2] over x2 yielding,
PDF eigenstatetot [x1] ∝
3
2
− cos[2m1(V− v1)(x1 − X0)
h¯
]
+
1
2
cos[
2m1(V− v1)(x1 − X0) + 2m2(V− v2)(X0 − x20)
h¯
]
− cos[2m2(V− v2)(X0 − x20)
h¯
]. (9)
Such a result is useful in estimating the three-body cor-
relation effects in the one-body marginal PDF. However,
the approximation again neglects the time evolution and
spatial dependence of the wavegroup substates. The va-
lidity of this approximation then rests on the order of
reflection being indeterminate. The long duration of the
particle 1 interaction mitigates this constraint.
If, on the other hand, the particle 2 wavegroup reflects
before or after any interaction of particle 1 with the meso-
scopic mirror, then the result is the one-body solution to
the Schro¨dinger equation,
PDF classical[x1] ≈ 1− cos[2m1(V− v1)(x1 − X0)
h¯
].
This again differs from the three-body result given in 9.
Evidence of three-body quantum effects can therefore
be found in the measurement of the “standing wave”
PDF of only particle 1. Such an indirect measurement
might consist of a nearly static mirror in a system with
coherence lengths lMc  lm2c  lm1c . A fixed delay of par-
ticle 2 (constant β due to a fixed x2 − X) is introduced.
The interaction time of particle 1 must be longer than
the transit time of particle 2 to the mirror for the order
of reflection to remain indeterminate. Observation of the
correlation term in only the standing wave PDF pattern
for particle 1, as a function of x1 − X (and therefore α),
would then indicate quantum behavior of the mirror.
The correlations discussed in this section involve open-
open-open interferometers. Measurement of correlated
interference in reflection are much easier in a closed in-
terferometer. Methods to convert open to closed inter-
ferometers and consequences thereof are discussed in sec.
IV.
E. Discussion
The above analysis provides limited insight into the
complexity of quantum correlation interferometry in re-
flection. The following subsections extend that discus-
sion to other cases of particles with differing bandwidths,
other marginal PDFs, wavefunction collapse, time depen-
dence, and reflection of zero-rest mass particles.
1. Particles with differing bandwidths
Two-body reflection, with particle and mirror sub-
states which have similar spatial localizations, is illus-
trated in fig. 2. The addition of a second particle, also
with similar spatial localization, reflecting as in fig. 1
and measured at position x2 corresponding to the peak
position of its Gaussian substate at t = −τ, 0, τ , results
in a three-body PDF. This PDF, in its (x1,X) plane, is
similar to that shown in fig. 2.
Consider decreasing the bandwidth of only this second
particle so that its spatial extent is so large that it now
generates substate fringes in reflection along the x2 axis
in the (x2,X) plane even for the three times shown in
fig. 2. This particle is then measured within this fringe
region at these three times. The corresponding three-
body fig. in the (x1,X) plane looks similar to that of
fig. 2 with the following modification. A fringe pattern,
similar to that shown at t = 0 in fig. 2 is now also
imposed on the t = −τ and t = τ snapshots. There is
then interference in (x1,X) plane where there was none
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for reflection of a localized second particle. The non-local
behavior of this second particle then generates correlated
interference even when there is no overlap between the
incident and reflected two-body wavegroup substate for
particle 1 and the mirror.
2. Other marginal PDFs
The marginal PDFs, derived in section III D, using the
energy eigenstate solution given in eqn. 7, approximate
well the results from the exact three-body solutions for
the Gaussian wavegroup described in section III C. A dis-
cussion of two more marginal PDFs that are also derived
from this approximation follows next.
First, let both particles be in non-localized states with
a localized mirror. The prediction for measuring only
particle 1 then involves integrating eqn. 8 over the x2 co-
ordinate. This yields interference only in the cos[α] term,
with the other terms washing out. That is, the average
of these cosine functions in the marginal PDF is zero
thereby not reducing the visibility (even when more par-
ticles reflect). One-particle marginal interference, while
the other particle and the localized mirror are not mea-
sured, is therefore preserved even when another non-local
particle reflects.
Second, let the mirror be in a non-local state while
both particles (or only one) are in localized states. The
prediction for measuring only particles 1 and 2 then in-
volves integrating eqn. 8 over the X coordinate. This
eliminates all interference and is analogous to case (B)
described in sec. II E. To measure one-body particle in-
terference in reflection from this system, while not mea-
suring the mirror, requires that the mirror to be in a
localized state.
3. Wavefunction collapse with a beamsplitter/mirror
Next consider replacing the mirror in fig. 1 with a
beamsplitter for particle 1 while it remains a mirror for
particle 2 [47]. Let the incident wavefunction again be a
separable Gaussian, Ψin = φ[x1, t]χ[X , t]η[x2, t]. The
total wavefunction for this system is then given by a
superposition of three states: a non-interacting state
given by Ψin, the state where particle 1 reflects given
by Ψleft, and where it transmits given by Ψright. These
are expressed as Ψleft = ψref1[x1,X , x2, t]H[X − x1]
and Ψright = φ[x1, t]ψref2[X, x2, t]H[x1 − X], where
H is the Heavyside step function. The wavefunc-
tions ψref1[x1,X, x2, t] and ψref2[X, x2, t] are three and
two-body correlated reflection states. The result-
ing PDFbs = ΨinΨ
∗
in + (ΨleftΨ
∗
left + ΨinΨ
∗
left +
Ψ∗inΨleft)H[X − x1] + (ΨrightΨ∗right + ΨinΨ∗right +
Ψ∗inΨright)H[x1−X]. This is a sum of the incident PDF,
a three-body PDF to the left of the beamsplitter, and a
two-body PDF to the right of the beamsplitter [14].
This system has the potential for probing constraints
on wavefunction collapse, in a manner which is not pos-
sible in a one-body formalism. For example, let particle
1, which interacts with the beamsplitter in the correlated
interference region, be absorbed at a particular location
to the left of the beamsplitter/mirror by the environment
(e.g. bathed by thermal radiation incident perpendicular
to the particle 1 beam in a confined location) but not ex-
plicitly measured (e.g. absorbed by a particle counter).
The transmitted particle is not absorbed (e.g. it has no
such exposure to thermal radiation). If this environmen-
tal absorption constitutes a measurement of particle 1
to the left of the mbeamsplitter/mirror then three-body
correlated interference of particle 1, particle 2, and the lo-
calized bs/mirror will be revealed in measurements on an
ensemble of such systems. However, if this particle is not
measured by the environment then a marginal PDFbs
for not measuring particle 1 (i.e. a marginal PDF of eqn.
8 over x1) results in two-body correlated interference in-
volving reflection of particle 2 from the bs/mirror. Such
a method to probe the effect of measurement on interfer-
ence requires at least a three-body correlated system.
In this case, measurement changes interference while
in one body systems measurement only destroys inter-
ference. An asynchronous measurement, as discussed in
sec. II I, also generates an effect in which interference is
modified but not destroyed.
4. Time dependence
The PDF for the energy eigenstate solution given in
eqn. 7 has no time dependence. This is a consequence
of all five reflecting states having the same total energy.
The effect of superposing different total energy eigenstate
solutions to form wavegroups is best illustrated in fig. 2.
The PDF wavegroup envelope travels without fringes un-
til the incident and reflected two-body wavegroups over-
lap near t = 0. The fringe pattern remains essentially
static as these wavegroup envelopes move across each
other. This static fringe pattern disappears when only
the reflected wavegroup remains (as shown at t = τ in
fig. 2). A similar effect occurs in the three-body interac-
tion.
A classical treatment of a harmonic wave retro-
reflecting from a moving mirror, however, involves a time
dependent fringe shift of the wave interference. An ex-
planation of how time dependent interference can be in-
troduced into the static correlated quantum PDF, for a
particle reflecting from a moving mirror, involves asyn-
chronous measurement [14]. A similar issue of extract-
ing time dependence from a static entangled state is dis-
cussed by Page and Wooters in the context of how time
is perceived in the Wheeler-DeWitt equation [48].
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5. Correlated interference in reflection with photons
Consider replacing the two particles in fig. 1 with pho-
tons, one on each side of the mirror and each with a dif-
ferent energy. The validity of a single photon position
dependent wavefunction is controversial [49]. However,
the experimental data discussed in sec. II H support such
a correlated interference model in two-body atom-photon
recoil. This model is next extended to photon-mirror re-
coil. Following Fedorov’s example of a correlated atom-
photon two-body wavefunction [50], the photon-mirror-
photon energy eigenstates 1 and 2 are expressed as
Ψ1 ∝ exp[i(k1x1 − ω1t+KX − Ωt+ k2x2 − ω2t)],
Ψ2 ∝ exp[i(k1rx1 − ω1rt+K1rX − Ω1rt+ k2x2 − ω2t)],
where the photon and mirror energies and momenta are
given by h¯ω, h¯k, and h¯Ω = Mc2/
√
1− (V/c)2, h¯K =
MV/
√
1− (V/c)2, respectively. The results from cor-
related closed-closed photon-atom interferometers pre-
sented in sec. II H match well this description of the
atom-photon system.
Expressions for photon-mirror-photon energy eigen-
states 3, 4, and 5 follow in a similar manner. The re-
flected wavevectors and frequencies of these states are
calculated using conservation of momentum and energy
for elastic reflection. For example, the needed param-
eters for state 2 are obtained via eqns. h¯k1 + h¯K =
−h¯k1r + h¯K1r and h¯ω1 + h¯Ω = h¯ω1r + h¯Ω1r, where
ω1 = k1c and ω1r = k1rc are the left side incident and
reflected photon frequencies before the right side photon
reflects.
The boundary condition, that the three-body wave-
function vanish at the mirror, is then satisfied in a man-
ner similar to that for the reflection of non-zero rest mass
particles. The result to lowest order in V/c is
PDF eigenstatetot ∝
3
2
− cos[α] + cos[α− β]
2
− cos[β],
(10)
where
α = 2k1(x1 − X) and β = 2k2(x2 − X).
Note the similarity to that found for massive particles
described by eqn. 7. Eqn. 10 is independent of the
mirror mass while the fringe spacing is determined only
by the photon (not the mirror) momenta for the same
reasons described in section II B for reflection of massive
particles .
Experimental confirmation of these three-body effects
is more feasible using photons, particularly due to the
availability of low loss mirrors and the ability to produce
single photon states. The coherence properties of such
states have also been studied [51, 52]. The fixed location
of a photon near the mirror, as described in verifying the
one-body marginal PDF of eqn. 9, can also be deter-
mined by measuring the position of the other photon of
a pair generated from parametric downconversion. Since
this photon pair is correlated before interacting with the
mirror, this is an example of a type C quantum correla-
tion interferometer.
A simple modification of this three-body system is to
replace the mirror with a beamsplitter. For non-zero rest
mass particles, this is modeled by a delta function poten-
tial in the Schro¨dinger equation, βδ[x1−x2], which has its
reflectivity related to β. The boundary conditions, con-
tinuity across the boundary but not the first derivative,
are satisfied by constraining the the coefficients of the
wavefunction resulting in an analytic solution. Practical
realization will more likely involve photons for which low
loss beamsplitters are readily available. A beamsplitter
allows for more complicated reflection geometries while
introducing the ability to vary the strength of the corre-
lation depending on the beamsplitter reflectivity.
A potentially more feasible application is with reflec-
tion of coherent photon states. However, this introduces
an issue associated with the photon number then not be-
ing constant. The number of ways that these photons can
reflect is ill-defined for a coherent state. A related issue is
whether the identical photons in a coherent state reflect
as one particle yielding a simplified calculation of corre-
lation between these photons and the mirror. A more
detailed treatment is beyond the scope of this work.
IV. TRANSFORMING OPEN TO CLOSED
INTERFEROMETERS
Converting an open to a closed substate interferometer
dramatically reduces the difficulty in performing correla-
tion experiments. To illustrate such modifications exam-
ples are discussed in which attempts are made to generate
a closed interferometer for one or all of the substate inter-
ferometers which were previously open. To simplify the
calculations some interferometer components are treated
as classical potentials.
1. Two-body interferometers: reflection from opposite sides
of the mirror
The first example attempts to construct a closed in-
terferometer for the particle in the two-body reflection
shown in fig. 2. To do so, consider the system shown
schematically in the lower half of fig. 6. The particle
initially traverses a static beamsplitter (a classical poten-
tial). The split paths are then directed, via static mirrors
(classical potentials), to retro-reflect from opposite sides
of a moving mirror, which is treated as a quantum ob-
ject. The return particle paths then intersect again at the
same beamsplitter, or interferometer output port, while
the trajectory of the quantum mirror is uninterrupted by
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FIG. 6: Two body reflection from opposite sides of the mir-
ror. The interferometer is shown in the lower half while the
upper half indicates how paths I and II can be modeled in one
dimension as two-body reflection with a mirror offset. Mir-
rors mrr and beamsplitter bs are classical potentials while the
mirror Mrr is a quantum object. The origin of the coordinates
for both the particle and Mrr is at the dashed line.
classical potentials.
The particle states beyond the output port, which re-
flected from opposite sides of the mirror, now move in
the same direction. The two-body system shown in fig.
2 can be modified, as shown in the upper half of fig. 6,
to account for the resulting interference. Let the origin
of the coordinate systems describing the motion of both
the particle and quantum mirror be at the symmetry (or
equal arm) position of the particle interferometer. Also,
let the quantum mirror be initially offset from this origin
by a distance x0 while moving at speed V . The model
of these two paths involves the particle reflecting from
the same side of the mirror but with the mirror moving
in opposite directions and with opposite initial offsets.
There is no initial offset of the particle substates along
both paths since they start in the same position, at the
beamsplitter (which would be located to the left of the
mirror in fig. 2). These particle substates then end to
the left of the beamsplitter shown in the upper half of
fig. 6 moving to the left.
Assume that the particle has a non-local spatial extent
much greater than 4x0 while the coherence length of the
mirror is larger than the center of mass separation of the
two mirror substates which have reflected the particle
from opposite sides of the mirror. As discussed in sec.
III D, an approximation for the PDF is then given by a
superposition of non-local particle and mirror two-body
states.
The calculations of the many-body states described in
sec. III involve incident and reflected wavegroups which
collide at the origin when t = 0. To include the mirror
offset x0 shown in the upper half of fig. 6 this calcu-
lation is modified as described in appendix A. The re-
sulting two-body PDF which describes measurements of
the mirror and the particle beyond the output port of its
interferometer is then
PDF eigenstate ∝ cos2[ 4m1M(v1X+ V x1)
h¯(m1 +M)
]. (11)
The offset x0 does not appear in this result. A heuristic
explanation involves the initial mirror phase term, Kx0 =
MV x0/h¯, which appears to be different for the two paths
due to the positive mirror offset in one and negative in the
other. However, the mirror moves in a negative direction
in the state with a negative offset, resulting in a negative
wavevector and therefore this phase shift term is the same
for both states. It then cancels in the cross term of the
PDF.
The superposed particle substates have different mo-
menta as do the superposed mirror substates. Therefore,
this is still an open-open interferometer, which is man-
ifest in a phase difference that depends on the particle
and mirror coordinates, as shown in eqn. 11.
For a static mirror the particle states have the same
momentum beyond the interferometer output port while
the mirror is given momentum kicks in opposite direc-
tions yielding a closed-open interferometer. The PDF
then depends on the mirror coordinate, which is indica-
tive of the open nature of the mirror substate interferom-
eter. The lack of PDF dependence on when or where the
particle is measured indicates a closed particle substate
interferometer. For a static mirror localized at position
X0 interference in a marginal PDF for only a measure-
ment of the particle does not wash out. It results in
particle interference with the expected phase 4mvX0/h¯.
For a non-local static mirror the marginal PDF associ-
ated with measuring only the particle yields no interfer-
ence since this involves an integration of eqn. 11 over X.
However, correlated interference remains. For a micro-
scopic particle reflecting from a mesoscopic static mirror,
a measurement of both the mirror at a position which sat-
isfies npi = 4mvX/h¯ for integer n and a measurement of
the particle, at any position beyond the output port, will
never occur due to correlated destructive interference in
this two-body PDF.
Consider asynchronous measurement of the non-local
particle first, beyond the output port, then the mirror
later in this open-closed interferometer. After measure-
ment of the particle but before measurement of the mir-
ror, the mirror is in a one-body superposition state of
having reflected the particle from both of its sides. This
occurs even for a localized mirror state. The one-body
mirror wavefunction, generated after the particle has
been measured, is then constructed from the two-body
wavefunction by fixing the time and position coordinates
of the particle where and when it was measured.
The experimental advantage in using such an open-
closed interferometer in asynchronous measurement is
that the particle can be measured at any position be-
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yond the output port while maintaining the one-body
mirror superposition state since the particle interference
is not spatially localized, as it is for the open-open in-
terferometer shown in fig. 2. Nevertheless, the phases of
the resulting one-body mirror states are affected by the
location of the particle measurement since the time and
position coordinates of this particle are thereafter fixed
in the two-body wavefunction which is used to construct
the one-body mirror state after measurement of the par-
ticle.
2. Three-body interferometers: reflection from opposite
sides of the mirror
Consider now using this interferometer, in which the
particle reflects on opposite sides of the moving mirror,
to convert the mirror substate open interferometer into
one which is closed. One method to accomplish this in-
volves injecting a delayed second particle, of the same
mass and speed as the first, along the same path as the
first. The superposition is then of two three-body states.
There are again multiple ways such a three-body reflec-
tion can occur. The two of interest are: (1) the first
particle reflects from one side of the mirror, slowing it
down, while the second reflects later from the “other”
side, speeding it up, and (2) the first particle reflects
from the “other” side of the mirror, in which case the
mirrors speed increases, while the second particle reflec-
tion slows it, again by essentially the same amount for
microscopic particles reflecting from a mesoscopic mir-
ror. After reflection of both particles the mirror is in a
superposition of states which have the same momentum,
yielding a closed interferometer substate.
There are also other paths in this three-body interfer-
ometer, such as ones in which each particle sequentially
reflects from the same side of the mirror, which can gen-
erate terms in the PDF corresponding to an open mirror
interferometer. Under the appropriate conditions, these
can vanish in a marginal PDF where the mirror is not
measured, leaving only PDF terms associated with this
closed mirror substate interference.
3. Two-body interferometers: reflection from the same side
of the mirror
The next example involves converting the open-open
two-body system shown in fig. 2 to a closed-closed inter-
ferometer. The complexity of the interferometer shown
in fig. 7, chosen for this purpose, is offset by the simplic-
ity in calculating the two-body states beyond its output
ports.
The distances along both paths from the input port
of the particle interferometer beamsplitter to the quan-
tum mirror are the same. The two retro-reflected particle
Mrr
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bs x0
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FIG. 7: Two body reflection from the same side of the mirror.
Mirrors mrr and beamsplitter bs are classical potentials while
the mirror, Mrr, is a quantum object. The distances along
the two paths from the input port bs to Mrr are the same
while their return path difference is x0.
states then travel straight through each redirecting beam-
splitter (classical potentials). A mirror (a classical poten-
tial) then redirects the lower horizontal path to intersect
the output port beamsplitter (a classical potential) while
the upper retro-reflected horizontal path goes directly to
this beamsplitter. All paths are either horizontal or ver-
tical with perpendicular deflections. Therefore the dif-
ference in distance along these two return paths from the
mirror, x0, is the vertical separation between the two
beams where they reflect from the quantum mirror.
The salient feature of this interferometer is that the
incident particle wavegroup substate reflects from the
quantum mirror at the same time and in the same di-
rection along both paths. Therefore the displacement of
the mirror substates associated with recoil along these
two paths are the same, resulting in no constraint on the
coherence length of the mirror to generate overlap of the
mirror substates. The particle substates are assumed to
have a non-local spatial extent much larger than x0.
The conditions for two-body correlated interference,
superposition and overlap, are then satisfied. Correlated
interference beyond the output ports can then be ap-
proximated by a superposition of two non-local particle
and mirror states. One is the reflected two-body state
Ψ[x1,X] while the other is Ψ[x1 − x0,X]. This super-
position is of states each with the same mirror momen-
tum and the same particle momentum, yielding a closed-
closed interferometer. For a microscopic particle reflect-
ing from a mesoscopic mirror
PDF ≈ cos2[m1(v1 − 2V )x0
h¯
]. (12)
The mirror mass enters this expression for m1 ≈ M . It
is assumed that v1 > 2V , which is required for retro-
reflection from the moving mirror.
19
This result does not constrain interference for any
marginal PDF since there is no dependence on either the
particle or mirror coordinates. For example, an indirect
measurement of only the particle will show interference
even if the unmeasured mirror is in a non-local state.
Also, correlated interference does not depend on the po-
sitions of the particle or mirror but only on x0. That is, if
the particle destructively interferes for a given value of x0
then so does the mirror, independent of where measure-
ments of the particle (beyond its interferometer outport
port) and the mirror are made.
4. Three-body interferometers: reflection from the same
side of the mirror
Finally, consider two such fig. 7 interferometers
slightly displaced vertically from each other, one for each
of two distinct particles that retro-reflect from the same
side of a quantum mirror which is the only common com-
ponent of these interferometers. The particle 1 interfer-
ometer has one path delayed, with respect to the other,
by a distance of x01 only after reflection from the quan-
tum mirror while that for particle 2 is x02.
The same assumptions are made as in sec. IV 3. In
addition, these microscopic particles do not interact with
each other. Each particle has it’s respective non-local
spatial extent much greater than x01 and x02. This re-
sults in the needed overlap of the particle substates for
correlated interference as well as the overlap of the mirror
substates as discussed in appendix B.
Consider the superposition of two three-body states
beyond the output ports of the interferometers. Let
three-body state A correspond to the paths where par-
ticle 2 reflects from the quantum mirror before particle
1. However, particle 2, on return to its output beam-
splitter traverses the path with no delay while particle
1, on return to its output beamsplitter, travels the path
with delay x01. Three-body state B corresponds to the
paths where particle 1 reflects from the quantum mirror
before particle 2. However, particle 1 on return to its
output beamsplitter now traverses the path with no de-
lay while particle 2 on return to its output beamsplitter
now travels the path with delay x02.
Rather than list all the possible permutations asso-
ciated with the different reflection sequences along the
different interferometer paths, consider the cross term in
the PDF associated with interference of states A and B,
cos[φA−φB ]. State A is Ψ5 modified by the substitution
x1 → x1 − x01 and X → X0. State B is Ψ4 modified
by the substitution x2 → x2 − x02 and X → X0. Each
of the three bodies then superposes in the following two
ways: particle 1 travels both with and without delay x01,
particle 2 travels both with and without delay x02, and
the mirror has reflected the particles along paths with
and without these delays to their respective output ports.
The corresponding cross term in the PDF is
PDFAB ≈ cos2[m1(v1 − 2V )x01
h¯
− m2(v2 − 2V )x02
h¯
].(13)
However, reflection of particles with masses comparable
to that of the mirror introduces terms in this PDF which
are associated with the positions, masses, and speeds of
all three bodies, thereby affecting marginal PDFs.
In spite of eqn. 13 having no such coordinate depen-
dence, correlated interference not only remains but is
more easily verified than it would be in an open inter-
ferometer. For example, measurement of only particle
1 anywhere beyond its interferometer output port yields
fringes which depend on the variation of parameters as-
sociated with the particle 2 interferometer, such as its
path difference x02, but which particle 1 did not traverse.
This indirect measurement of the many-body superposi-
tion state involves no measurement of either particle 2
or the mesoscopic mirror. It is manifest in a correlation
between the path difference x02 (which is a distance be-
tween classical objects) and a measurement of particle
1 at the output port of its interferometer. Yet it still
requires quantum behavior of the mesoscopic mirror to
mediate this correlated interference via the non-local be-
havior of the particles.
Similarly, variation of v1 results in interferometric cor-
relations between measurements of particle 2 anywhere
beyond its interferometer output port and the classical
device which varies the speed of m1 before it is injected
into the interferometer. Again, no direct measurement of
either particle 1 or the mesoscopic mirror is necessary.
5. Towards more practical measurements
It is not within the scope of this paper to propose a
practical experimental design to measure correlated in-
terference in reflection. The interferometer schematics
shown above are intended only as simple illustrations of
the fundamental principles.
Nevertheless, as an example of a more practical sys-
tem consider three-body reflection from the same side of
the mirror using the interferometer of fig. 7 with the
Mrr initially at rest. Instead of reflecting massive par-
ticles, two photons of different wavelengths and differ-
ent orthogonal linear polarizations traveling collinearly
along the paths of this interferometer are used. By plac-
ing a waveplate in the return beam path between the
lower bs and mrr, the path associated with the photon
of one polarization can be varied independently of the
other. The three-body PDF of eqn. 13 then becomes
PDFAB ∝ cos2[k1(x0 + δ) − k2x0] where k1 and k2 are
the reflected wavevectors of the photons for the two po-
larizations and δ is the additional optical path introduced
only for the k1 photon due to the waveplate. The two
photons can be separated beyond the output port either
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FIG. 8: Sagnac interferometer schematic for reflection of
collinear photons of different wavelengths from the quantum
mirror Mrr while all other components are classical potentials.
Reflection from atoms or mesoscopic particles is facilitated
via replacement of the Mrr with the inset shown in the inte-
rior of this Sagnac interferometer. The atoms or mesoscopic
particles, indicated by the solid circle inside this inset, move
perpendicular to the figure.
spectrally or via polarization. For a quantum mirror,
variation of δ is then correlated with an interferometric
variation of the PDF at the output port for the k2 pho-
ton even though its path through the interferometer is
constant. A measurement need not be made of the Mrr
or of the photon with wavevector k1.
One advantage of this system is that reflection from
a plane mirror yields a large scattering amplitude com-
pared with that of reflection from an atom or a spherical
particle of mesoscopic mass. However, the alignment of
a mesoscopic mirror to generate interference is then non-
trivial.
A method better designed to facilitate correlated inter-
ference in scattering either from atoms or from approx-
imately spherical mesoscopic bodies involves the Sagnac
interferometer shown in fig. 8 which is traversed by
photons of wavevectors k1 and k2, that again travel
collinearly. To better understand how this interferom-
eter functions consider first reflection from the quantum
mirror Mrr .
This Sagnac interferometer is comprised of classical
components which are a beamsplitter (bs) two mirrors
(mrr) four gratings (G) which spatially separate the pho-
tons within the interferometer, and a glass slab of optical
path length nL where n is the refractive index and L the
slab length. Elastic reflection of the counter-propagating
beams from the same side of the Mrr imparts equal mo-
menta to the Mrr as is the case in fig. 7. Only the
k1 counter-propagating photon states traverse the slab,
which moves at speed vslab. The counter-propagating
states then experience different path lengths due to Fres-
nel drag which yields a phase difference between them of
δ ≈ k1vslab(n − 1)L/c [53]. The three-body PDF given
in eqn. 13 then becomes PDFAB ∝ cos2[k1δ].
The “bias” due to Fresnel drag can also be generated
in ways which are less pedagogically appealing. However,
most yield small phase shifts. A method to dramatically
increase this bias is to replace the slab in fig. 8 with an
optical fiber using the apparatus which is described in
ref. [53]. A similar but static slab or optical fiber, along
with the two grating pairs, can be inserted in the upper
interferometer segment to generate equal paths from the
bs to the Mrr for both the k1 and k2 photons.
These two photons can be separated beyond the out-
put port spectrally. For a quantum mirror, variation of
δ is then correlated with variation of the PDF for the k2
photon even though its path length through the interfer-
ometer does not vary. A measurement then need not be
made of the Mrr or of the photon with wavevector k1 to
observe this correlation.
To modify this system to measure correlated interfer-
ence in reflection for atoms (or mesoscopic scatters) con-
sider replacing the dashed box around the Mrr in fig.
8 with the dashed box that is shown inside the Sagnac
interferometer. The two lenses focus the photon beams
onto the solid circle which represents an atom moving in
a direction perpendicular to fig. 8. The Rayleigh scat-
tered photons must be emitted into a small solid angle
to generate interference, resulting in a reduced scattering
amplitude compared with that of the Mrr. The fig. 7 and
8 interferometers are far from a comprehensive treatment
of the diversity of experimental designs possible to verify
quantum correlation interferometry in reflection.
V. SUMMARY
The above calculations of three-body quantum correla-
tion interferometry demonstrate that measurement of ei-
ther one or both of the microscopic probes can reveal the
quantum behavior of the mirror without a direct mea-
surement of it. As this mirror increases from a micro-
scopic to a mesoscopic mass the quantum-classical transi-
tion occurs when such correlated interference disappears.
The mirror then behaves as a classical object which can-
not be in a superposition of states which correspond to
different reflection sequences. Such interferometric cor-
relation does not exist without this superposition.
These results are perhaps better understood by first
considering the similarities and differences between the
two-body correlation interferometer in reflection, shown
in fig. 7, and the correlated photon-atom interferome-
ter described by Tomkovic et. al. [39] which was out-
lined in section II H. In particular, consider the mirror
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in the reflection system to be analogous to the atom in
the photon-atom system. Both systems are closed-closed
interferometers, both incorporate classical potentials to
deflect and combine the beams, and both use conserva-
tion of energy and momentum in recoil to generate the
correlation. Both yield interference in one substate in-
terferometer when only the path difference of the other
substate interferometer is varied. One involves a photon
emitted from an atom while the other utilizes a photon
reflected from the atoms in a mirror. An important differ-
ence is the ease with which the atom can be measured as
opposed to the center of mass of the mirror, particularly
as the mirror mass is varied from micro to mesoscopic.
Reflecting two microscopic particles from the mirror in
the three-body correlation interferometers, described in
sections IV 4 and IV 5, eliminates the need to measure
the mirror while maintaining a similar interferometric
correlation between the two particles. That is, a vari-
ation in the path length of one particles interferometer
generates interference in the other particle even though
the path difference in its interferometer does not change.
This correlated interference is mediated by the mirror
which is in a superposition state associated with the or-
der of particle reflection being indeterminate.
The difficulty of experimentally measuring the
quantum-classical transition is mitigated in using such
a three-body system for the following reasons: (1) the
mesoscopic quantum mirror traverses neither a division
of amplitude (the mirror does not have to pass through a
beamsplitter) nor a division of wavefront interferometer
(the mirror does not have to fit through slits), (2) there
is little constraint on alignment of the interferometer to
generate the superposed mirror states, (3) the interfero-
metric constraints on the mirror’s coherence length are
reduced due to the small (or non-existent, as discussed
in sec. IV 3) center of mass displacement between these
superposed mirror states, (4) this small displacement re-
duces environmental decoherence of the mirror’s super-
position state, (5) indirect measurement of the mirror’s
quantum behavior is possible in a closed-closed-closed in-
terferometer, (6) while much of the discussion above dealt
with non-zero rest mass particle reflection, photon-mirror
correlation, which is fundamentally related to photon-
atom correlation, is predicted to exhibit similar inter-
ferometric effects. Low loss mirrors and beamsplitters
for such an application are ubiquitous. (7) The path
difference in one particle substate interferometer needed
to cycle through one fringe in the other particle sub-
state interferometer, as described in sec. IV 4, is roughly
2pih¯/m1v1, which can be a mesoscopic distance. This in-
terference reveals the quantum behavior of the mirror of
mass M . However, if a body with the mirror’s mass were
to traverse a Michelson interferometer comprised of clas-
sical potentials then an interferometer path difference of
2pih¯/MV would yield one fringe at its output port. Such
a small path difference, needed to verify the quantum be-
havior of the mesoscopic mirror with this interferometer,
would be difficult to measure due to the required dimen-
sional stability of the interferometer. Although insensi-
tive to such changes in path difference, correlation inter-
ferometry described above for microscopic particles re-
flecting from mesoscopic mirrors nevertheless maintains
interference. (8) Interferometric correlation between a
measurement of only one microscopic particle at its in-
terferometer output port and the path difference of the
other particle’s interferometer reveals the superposition
state of the mesoscopic mirror as described in sec. IV 4.
There is neither a need for a correlation measurement be-
tween the two particles nor between them and the mirror.
The foundations upon which this analysis of the
quantum-classical boundary is based are quantum cor-
relation in particle-mirror recoil and environmental de-
coherence which depends on the small center of mass
separation of the superposed states. On a microscopic
scale both of these fundamental issues have been experi-
mentally confirmed.
Such a narrow focus on the quantum-classical transi-
tion and on only two and three-body systems provides
limited insight into the breadth of quantum correlation
interferometry. However, possible applications of both
type B and C systems rely on establishing the quantum-
classical boundary to determine the regime in which this
correlation is maintained.
Appendix A: Two-body delayed reflection
The peaks of the incident and reflected Gaussian wave-
groups, as presented in sec. III, meet at the origin when
t = 0. Consider now the necessary modifications to these
results for the peaks to overlap at offset positions and
times. The first constraint is for the motion of these
peaks to correspond with those of classical objects and
that they reflect as such to satisfy the expected behavior
when the states are localized. That is, the trajectories
of the incident and reflected offset two-body wavegroups
must overlap at the appropriate classical collision posi-
tion and time in the (x1,X , x2) plane. The second con-
straint, needed for non-local states, is that the resulting
two-body wavefunctions must satisfy the boundary con-
dition.
Rather than treating such offsets in a three-body sys-
tem consider the two-body correlated interferometer in
reflection shown in fig. 2. The “classical trajectory” and
wave boundary constraints are satisfied with the follow-
ing substitutions which are made into the incident two-
body wavefunction that is given by eliminating particle 2
in eqn. 1: X → X +X i0 and x1 → x1 + xi0, where X i0
and xi0 correspond to the offsets of the mirror and parti-
cle 1 at t = 0. In addition, the following substitutions are
made into the reflected two-body wavefunction which is
given by eliminating particle 2 in eqn. 2: X → X +X r0
and x1 → x1 + xr0.
Two applications are discussed next. First, the mir-
ror is offset initially by position x0 with no particle off-
set. In this case X i0 = x0 and xi0 = 0 while X r0 =
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(M − m1)x0/(M + m1) and xr0 = 2Mx0/(M + m1).
This offset is applied to the interferometer described in
sec. IV 1. Second, the particle is offset initially by po-
sition x0 with no mirror offset. In this case X i0 = 0
and xi0 = x0 while X r0 = 2m1x0/(M + m1) and
xr0 = (m1 −M)x0/(M + m1). These substitutions, ap-
plied to expressions for two-body reflection of Gaussian
wavepackets, result in the expected offset classical tra-
jectories of the wavegroup substate peaks while also sat-
isfying the boundary condition.
Appendix B: Three-body delayed reflection from the
same side of the mirror
Consider now the effect of the particle 1 wavegroup
substate peak reflecting from the mirror later than that
of particle 2 on the difference in mirror wavegroup peak
positions for interferometer states A and B, discussed in
sec. IV 4. States A and B correspond to either parti-
cle 2 reflecting from the mirror before particle 1 or this
reflection order reversed. As discussed in sec. III C the
order of reflection of the wavegroup peaks is not related to
the reflection order of the particles when the wavegroups
overlap. If the A and B mirror substate wavegroup peaks
are offset by a distance much greater than their coherence
lengths, due to a delay in the reflection of particle sub-
state peaks 1 and 2, then overlap of the mirror substate
wavegroups and therefore interference is eliminated.
However, there is no difference in the positions of the
particles and mirror wavegroup substate peaks between
states A and B during reflection. The difference between
states A and B occurs only after reflection on the return
paths to the particle output port beamsplitters. There-
fore such a delay in the sequence at which the two particle
wavegroup peaks reflect does not generate a difference in
mirror displacement between states A and B.
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